INTRODUCTION
Colloidal semiconductor nanocrystals (CSNCs) display size-, shape-, and surface ligand chemistry-dependent optoelectronic properties, [1] [2] [3] [4] [5] [6] [7] [8] and because of their unique properties that are strongly dependent on such structural parameters, CSNCs have been widely studied for both fundamental reasons and device applications. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Considering the large number of procedures available in the literature for CSNCs synthesis, it is surprising that their formation mechanism is still poorly understood. The solution formation of CSNCs coated with surface passivating ligands is considered a three stage process (supersaturation, nucleation, and growth), which follows the LaMer Model. 19 Surface ligands are an integral part of CSNC synthesis through controlling their growth process and size distribution, as well as in maintaining solution dispersibility and colloidal stability. These ligands also have a central role in controlling CSNC photoluminescence (PL) and charge transfer properties. Thus, answering these questions will not only advance our basic scientific knowledge of surface ligand chemistry-dependent optoelectronic properties, but also enhance the ability to prepare novel hybrid functional nanomaterials for advanced technological applications.
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The PL emission peak shape and quantum yield of CSNCs are controlled by the surface ligand chemistry, [20] [21] [22] where incomplete surface passivation results in formation of nonradiative trap states which induces a broad PL emission peak and low quantum yield.
Additionally, from the time-dependence of PL during CSNC formation, it had been postulated 23, 24 that the narrowing of the PL peak is due to "size focusing" leading to formation of nearly monodispersed, ligand-passivated CSNCs during the growth stage of the LaMer model (Scheme 1). 19, 25 However, the narrowing of the PL peak may also be caused by alteration of the CSNC core composition or by passivation of the majority of the surface sites without size focusing, which is an alternative mechanism that has not been considered before. 
RESULTS AND DISCUSSION

Time-Dependent Spectroscopy and Spectrometry Characterization of CSNCs Formation.
To elucidate the general mechanism of surface ligand passivation we studied magic-sized (CdSe)33/34 CSNC formation as a model system because the CSNCs have : (i) atomically precise core composition, (ii) unusually high stability in solution, [26] [27] [28] [29] and (iii) well-defined absorption and PL emission spectral characteristics. 30, 31 The room temperature (CdSe)33/34 CSNC synthesis was conducted by modification of our previously published procedure to reduce the rate of synthesis. 32 In this study we used oleylamine (OLA) as the surface passivating ligand to expand the complete formation process to ~24 h so that the mechanism underlying the ligand adsorption process could be studied through time-dependent spectroscopy and mass spectrometry techniques. Figure 1A and Supporting Information Figure S1 illustrate UV-vis absorption spectra of the formation of CdSe CSNCs acquired from the crude reaction mixture diluted with toluene. A continuous red-shift of the absorption peak along with peak narrowing was observed ( Figure 1A inset, ) until ~90 min and at this time a stable peak at 418 nm was detected. Over the course of another ~150 min, the peak intensity increased ( Figure 1A inset, ) without any further shift in the peak position. The extremely narrow peak at 418 nm with 6 full-width at half maxima of 12 nm suggests that the reaction mixture contained almost exclusively single-sized (CdSe)33/34 CSNCs. [32] [33] [34] Based on this absorption peak characteristic, we propose that under our experimental conditions the nucleation and growth processes of (CdSe)33/34 CSNCs formation were completed by ~240 min with stage III occurring by the continuous growth model. 35, 36 To further characterize the nucleation and growth processes, time-dependent MALDI-TOF-MS analysis ( Figure 1B and Figure S2 ), which was first introduced by Whetten and cororkers 37 for the characterization of Au nanoparticles, was conducted in which purified sample was mixed with the commonly-used matrix trans-2-[3-(4-tert-Butyl-phenyl)-2-methyl-2-propenylidene]malononitrile (DCTB). Although MS was used to investigate Au, [38] [39] [40] InP, 41 and Fe2O3 42 nanoparticle formation, to the best of our knowledge, ours is the first example where CdSe CSNC formation was studied using the MS technique. Until 90 min of growth, our MALDI-TOF-MS data of the isolated and purified samples showed a broad mass distribution of CdSe CSNCs that became narrower over the next 150 min. Finally at 240 min, two sharp peaks at m/z 6506.5 and 6314.7 appeared that correspond to the presence of (CdSe)34 and (CdSe)33 CSNCs, respectively, and they retained their shape continuously for an additional 18 h of synthesis. The MS data are supported by UV-vis analysis in which the lowest energy absorption peak position and intensity remained constant (see Figure 1A , inset). We characterized our observed changes in the photoluminescence (PL) properties of the CdSe CSNCs acquired from the crude reaction mixture diluted with toluene into different time intervals ( Figure 1C and Figure S3 ). Initially a trap-state mediated, broadband PL peak appeared at ~500 nm. Over time the intensity of the peak decreased followed by appearance of a band-edge peak along with the broadband peak. At the end of the synthesis (1440 min), The changes in the PL spectral peak positions and overall shape during the formation of CdSe CSNCs can be explained based on the CdSe core composition and surface ligand chemistry characterized by our UV-vis spectroscopy and the MALDI-TOF-MS analyses.
Firstly, during the initial 30 min the red-shift (from 503 to 515 nm) of the broadband PL peak ( Figure 1D , ) was governed by an increase in number of CdSe units forming the inorganic core. This result is also in agreement with the UV-vis analysis in which a nearly 10 nm redshift in the lowest energy absorption peak was observed. Furthermore, the broad PL peak is a characteristic of surface-related trap states. 20, 21 Secondly, a surprising observation was the blue-shift of the PL peak from 515 to 490 nm ( Figure 1D , ) during the 30 to 120 min interval of the reaction with the peak remaining broad. In theory, a blue shift of a PL peak shows that peaks related to the characteristic wurtize crystal structure of the CdSe core became more defined during this period. Therefore, amorphous CSNCs were converted to a more crystalline nature. Under such circumstances, slow removal of internal as well as surface trap states that would cause a blue-shift of the PL peak is expected to occur. 44 Thus, the This suggest that a considerable amount of monomer was still present in the colloidal solution and only a small amount of monomer was converted to CdSe CSNC during the nucleation stage when size focusing occurs via a continuous supply of monomers. Thus we previously described this stage as "continuous growth," 29 which requires a constant supply of monomers by diffusion followed by their reaction at the surface of the CdSe CSNC until a magic-sized composition is achieved. Therefore, the Ostwald ripening-driven mass transport/diffusion process controls the reaction at the surface, which is within the Lamer model for monodispersed CSNC formation. Nevertheless, our present work is mostly focus on characterizing a stage beyond the growth stage where only surface ligation takes place.
Perhaps it is important to note that under our reaction conditions the nucleation and growth processes were fast and decoupled because the number of nuclei was high. This in turn originates because the nucleation process was more feasible in the presence of the L-type ligand OLA, which has a weak ability to complex with Cd. Thus, in the presence of a strongly coordinating ligand such as oleic acid, the nucleation and growth rates are expected to be different. A similar argument is also valid for the reaction temperature. At lower temperature, a smaller number of nuclei are expected to form, and thus the growth rate will be slower as well. Furthermore, the amine adsorption rate is also expected to be slower. Therefore, the growth and ligand adsorption stages are expected to overlap more, and the distinct stages that we observed under our experimental conditions might not be feasible to detect. Taken together, the identification of the ligand adsorption stage after the nucleation and growth stages in CSNC synthesis requires appropriate choice of surface passivating ligand and reaction temperature.
Time-Dependent Characterization of Surface Ligand Chemistry. Our time-dependent
UV-vis absorption ( Figure 1A ) and MALDI-TOF-MS ( Figure 1B ) analyses however confirm that both composition of the (CdSe)33/34 CSNC core and its wurtize crystal structure remained constant during the 240 to 1440 min interval of the synthesis. The implication is that our observed changes in the PL spectra ( Figure 1C ) should be related to changes in the CSNC surface structure, most likely by influence of the surface passivating ligands. Therefore based on structural and optical characterization, we hypothesize that in addition to the well-establish Figure 2A and Figure S5 show XPS spectra of the Cd 3d and N 1s regions. Observing the two sharp Cd 3d peaks suggests no formation of surface CSNC. 33 Importantly as expected, at 240 min ~6 OLA were attached to the surface and that number steadily increased over time. OLA is a L-type ligand and only binds to surface Cd sites, which are a maximum of 28 for (CdSe)34). 34 Thus at 24 h of reaction, ~8 Cd along with all 28 surface Se sites remained unpassivated, which together resulted in a shallow broadband emission covering 450-600 nm ( Figure 1D ).
Kinetic Analysis of Ligand Adsorption.
The experimental data ( Figure 2D ) presented above demonstrate that at 240 min of growth the core was fully formed, but only 22% of the (CdSe)33/34 CSNC surface was passivated with OLA. Therefore, one should expect that isolation of these partially passivated (CdSe)33/34 CSNCs followed by treatment with the same ligand type would result in a transition from broadband PL to a nearly band-edge PL peak, which has not been demonstrated before but is now shown in Figure 1C . Moreover, we expect that shorter chain length ligands will passivate the surface more quickly because of faster diffusion through the existing ligand monolayer on the CSNC surface causing a change from broadband to band-edge emission. Furthermore, the extent of the PL transition should depend on the number of surface-bound ligands (concentration of ligand) per CSNC, and thus the ligand adsorption constant (Ka) can be determined by fitting the data using a Langmuir isotherm (Eq. 1): 50, 51 (
Here θmax is the maximum surface coverage, which corresponds to the highest band-edge PL Nevertheless, with all three amines the rates of adsorption onto the surface of (CdSe)33/34
CSNC are found to be slow. We believe this is due to the weaker interaction/affinity between the hard ligand nitrogen of the amine and the soft acid Cd 2+ .
Though we used a simple Langmuir isotherm model to quantify the amine surface binding that directly influenced the PL properties of (CdSe)33/34 CSNCs, our experimental Ka values also suggest that the interaction of amines with the CSNC surface depends on their chain length such that smaller ligands have higher affinity. Moreover, we observed a faster transition of broadband to band-edge PL for the shorter chain length amines (e.g., OCA) than 13 the longer chain length OLA (see Figure S6B ). We believe OCA passivates the surface more rapidly due to faster diffusion through the ligand monolayer already existing on the CSNC surface because of less steric repulsion. Therefore adsorption speed, which is expected to be temperature dependent, may also play a critical role in the PL properties of CSNCs in general.
Furthermore, the non-linear adsorption process in our system as observed in the PL spectra also suggests an energetically favorable ligand attachment event resulting in the cooperative interaction-driven ligand adsorption onto the CSNC surface. This cooperative interaction is potentially more complementary than the ligand-ligand interactions as described in TempkinFowler model. However a more detailed analysis will require a more complex mathematical model, 50, 52 which is beyond the scope of this article. Still, our proposed model could perhaps be applicable to high temperature synthesis of CSNCs in general using amine as surface passivating ligands.
CSNC Surface Functionalization without "State-of-the Art" Ligand Exchange
Chemistry. Surface passivating ligands are ubiquitous in CSNCs synthesis and used to not only control the CSNC aggregation during synthesis but also to tailor their photophysical properties. Over the last three decades primary amines were found be to good passivating ligands for enhancing PL properties of CSNCs. 3, [53] [54] [55] However, as shown by Weiss and coworkers, aniline reduces PL yield. 56 Furthermore, commonly used "native" aliphatic amines are often replaced by ω-functionalize-thiolate ligands through ligand exchange chemistry to induce specific nanocrystal chemical functionalities. [57] [58] [59] The ligand exchange reaction removes the original surface ligands and thus alters the photophysical properties of the We selected -N3 and -CH=CH2 functional groups because of their ability to conduct "click" chemistry 60 and cross metathesis, 61 respectively, that will allow further CSNCs surface modification 62 with a variety of organic molecules and facilitate their potential application.
The -Si(OCH2CH3)3-functionalized CSNCs can act as precursors for further attachment of various biomolecules in water, thus becoming useful for biological applications. 63, 64 Finally, AB is capable of undergoing photoinduce cis-trans isomerization. 65, 66 Importantly, one can expect delocalization of exciton (electron and/or hole) wave functions into the highly π-conjugated AB moiety when it is in the trans conformation but not in the cis because the π -conjugation is broken. It is known that the delocalization of exciton wave functions modulates the band-gap and optoelectronic properties of CSNCs. 49, 67 Our surface functionalization CSNCs as compared to partially OLA-passivated CSNCs (Figure 4 . B2). We believe that this shift is because of delocalization of the excitonic wavefunction 49, 67 from the CSNC to the highly conjugated trans azobenzene moiety, from alteration in the local dielectric environment around the CSNC, or a combination of both, but it is not due to changes of the CSNC core diameter as confirmed by TEM analysis ( Figure S9C ). As mentioned above, the selection of AAB for hybrid nanomaterial synthesis was to allow tuning of the band-gap through photoisomerization of azobenzene. However, we were unable to produced in-situ cis 
CONCLUSION
In conclusion, using time-dependent optical absorption, photoluminescence, and NMR spectroscopies, as well as mass spectrometry, and X-ray diffraction, we have characterized a 
EXPERIMENTAL SECTION
Materials. Cadmium acetate dihydrate (Cd (OAc)2•2H2O) (98%), oleylamine (OLA) (70%), decylamine (DCA) (95%), octylamine (OCA) (99%), 1-hexanethiol (HT) (95%), 4-aminoazobenzene (AAB, 98%) (3-aminopropyl)triethoxysilane (APTES, 99%), 5-hexen-1-amine (HXA, 97%), 1,6-dibromohexane (96%), sodium azide (99%), triphenylphosphine (99%), toluene (HPLC grade), selenium (Se, 99.99%), acetonitrile (MeCN, HPLC grade), chloroform (HPLC grade), and hexane (95%) were purchased from Aldrich and used without further purification. Methanol (MeOH, ACS) was purchased from Fisher Scientific. Prior to use, solvents were purged with N2 for 30 min. 6-azido-1-hexanamine (AHA) was synthesized according to the literature procedure with slight modification as described below.
Preparation of 1, 6-diazidohexane. 70 1,4-dibromohexane (3.2 g, 0.013 mol) and sodium azide (3.4 g, 0.052 mol) was dissolved in 100 mL of DMF and reaction mixture was refluxed for 24 hours at 100 o C. The reaction was quenched by adding 30 mL of water. The product was extracted with diethyl ether (20 mL x 4). The organic phase was washed with 5% NaHCO3 dried over Na2SO4, and dried under high vaccum resulting in the viscous product 1, 6-diazidohexane. 1 Preparation of 6-Azido-1-hexanamine. 71 Colloidal Synthesis of Ligand-Passivated (CdSe)33/34 CSCNs. The synthesis was performed according to our published procedure. 32 The Cd-precursor was prepared as follows: In a typical Cd-precursor preparation, 5 mL of OLA and 0.2 g of Cd(OAc)2 were mixed in a 100 mL 2-neck round bottom flask and stirred under vacuum for 15 min. Afterwords the reaction was retuned to N2 atmosphere and 5 mL of toluene was added. The Se-precursor was prepared in parallel as follows: 0.06 g of freshly ground Se was mixed with 785 μL of OLA and 215 μL of HT at room temperature. This mixture was first kept under vacuum for 5 min and then placed under N2 for 5 min with constant stirring. The vacuum/N2 cycle was repeated three times and then the reaction mixture was kept under N2 for an additional 30 min. Finally, 1.0 mL of the Se-precursor was swiftly injected into the Cd-precursor. Stable absorption maxima and highest PL peak intensity was observed nearly 24 h after the addition of Seprecursor. We consider 24h as the final time point at which the (CdSe)33/34 CSNCs surface was maximally passivated with OLA. Under identical mole ratios of the reagents and the same reaction conditions, OCA-and DCA-passivated (CdSe)33/34 CSNCs were synthesized. It should be noted that with OCA and DCA, their stable absorption maxima and highest PL peak intensity was observed nearly 4 and 10 h after the addition of Se-precursor, respectively.
Ex-situ Ligand Treatment of Partially Ligand-Passivated (CdSe)33/34 CSCNs. It was found for OLA-passivated (CdSe)33/34 CSNCs that at 240 min after the addition of Se-precursor the SNCs solution displayed a stable absorption peak and a broad PL. At this point, further surface passivation was restricted by quenching the reaction mixture. Briefly, 0.5 mL (CdSe)33/34 CSNCs solution was removed from and diluted in 5 mL of toluene, and then a 7:3 mixture of MeOH:MeCN was added drop-wise until the solution became turbid. The solution was then centrifuged at 7000 rpm for 7 min. This process was repeated once more and yielded a yellow solid. A stock solution of 0.12 μM (CdSe)33/34 CSNCs was prepared in toluene. Then OLA at various concentrations between 0.25 and 5000 μM was added under N2 atmosphere. The reaction mixture was stirred for 48 h at room temperature. During this period absorption and emission spectra were collected at various time points. A similar exsitu ligand treatment was followed for OCA-and DCA-passivated (CdSe)33/34 CSNCs. It should be noted that for OCA-and DCA-passivated (CdSe)33/34 CSNCs, their reactions were quenched at 30 and 90 min after the addition of Se-precursor, respectively. For post synthetic surface ligand modification with AHA, AAB, APTES, and HXA we followed the same procedure as used for OLA-passivated (CdSe)33/34 CSNCs.
Optical Spectroscopy Characterization. The absorption spectra were collected using a Varian-Cary 50 Scan UV-visible spectrophotometer with 1 cm quartz cuvettes over a range of 300-800 nm. All spectra were recorded in toluene, and toluene was used as a background for all measurements. The photoluminescence emission (PL) spectra were collected using a Cary Eclipse fluorescence spectrophotometer from Varian Instruments with 1 cm quartz cuvettes. For time-dependent spectroscopy characterization, 10 μL of crude reaction mixture was diluted with 3 mL of toluene.
XRD, XPS, FTIR, MALDI-TOF-MS, NMR, and transmission electron microscopy (TEM)
Characterizations. Wide-angle powder X-ray diffraction (XRD) was recorded on a Rigaku MiniFlexTM II (Cu Kα) instrument. X-ray photoelectron spectroscopy (XPS) characterization was conducted using a Kratos Axis Ultra DLD system with a Mg anode at 1253.6 eV and Xray power of 150 W. A charge neutralizer was used during the data collection. The survey scans were collected over binding energies of 0-1000 eV with an 80 eV pass energy. For high resolution scans of Cd(3d), Se(3d), and N(1s), a 20 eV pass energy was used. All data were collected so that the C 1s line was shifted to 284.6 eV. At various time points, aliquots of the colloidal synthesis of ligand-passivated (CdSe)33/34 CSNCs were removed and purified according to the procedure described above. The integrated peak areas of the XPS data yielded the ratio of Cd to N at the different time points of the reaction. Based on density functional theory structural prediction, 34 each magic-sized CdSe CSNC contains 34 Cd atoms. Utilizing this Cd per CSNC number and the integrated XPS areas, we calculated the number of N atoms per CdSe CSNC and subsequently the number of OLA ligands bound to the surface. The average value was determined from three independent measurements. The result is listed in Table S1 . FTIR spectra were acquired using a Thermo Nicolet IS10 FTIR spectrometer. For FTIR analysis, samples were prepared using a 1:10 ratio of sample to KBr, ground using a mortar and pestle, and pressed into a pellet. A minimum of 300 scans were collected and all data was processed using Omnic FTIR software. MALDI-TOF-MS analysis was conducted by preparing samples in chloroform by mixing (CdSe)33/34 CSNCs and DCTB matrix (1:1000 ratio), drop-casted 5 mL mixture onto the sample holder and then air-dried at room temperature. The dried samples were analyzed using a Bruker Autoflex MALDI-TOF mass spectrometer equipped with a N2 laser.
1 H NMR spectra were recorded on a Bruker Avance III 500 instrument at 500 MHz frequency. Approximately 10 mg of purified OLApassivated (CdSe)33/34 CSNCs were dissolved in CDCl3 and a minimum of 1024 scans were collected with 15 s relaxation delay time and a 30° pulse angle. At various time points of the synthesis, aliquots were removed and purified according to the procedure described above. 2 μmol of ferrocene was added to each NMR samples as an internal standard in order to determine the concentration of OLA as described in the literature. 47, 72 The average value was determined from three independent measurements. To determine the precise concentration of (CdSe)33/34 CSNCs in each sample, they were first characterized by UV-vis absorbance spectroscopy and then the absorbance value was used for the concentration calculation by an emperical formula. 73 The result is listed in Table S2 . A similar method was used to characterize different ligand-passivated (CdSe)33/34 CSNCs that were prepared via ex-situ surface exchange procedure. The samples for TEM analysis were prepared by placing 10 µL of the CSNCs dissolved in toluene onto a formver-coated copper grid (Electron Microscopy Science). The sample was allowed to set for 30 seconds and any excess solution was removed by wicking with a Kimwipe in order to avoid particle aggregation. Images were acquired using a Techni-12 instrument operating at 100 kV. At least 300 CSNCs were analyzed using ImageJ software for the diameter averaging process. 
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